The clinical use of metallic expandable intravascular stents has resulted in improved therapeutic outcomes for coronary artery disease. However, arterial reobstruction after stenting, in-stent restenosis, remains an important problem. Gene therapy to treat in-stent restenosis by using gene vector delivery from the metallic stent surfaces has never been demonstrated. The present studies investigated the hypothesis that metal-bisphosphonate binding can enable site-specific gene vector delivery from metal surfaces. Polyallylamine bisphosphonate (PAA-BP) was synthesized by using Michael addition methodology. Exposure to aqueous solutions of PAA-BP resulted in the formation of a monomolecular bisphosphonate layer on metal alloy surfaces (steel, nitinol, and cobaltchromium), as demonstrated by x-ray photoelectron spectroscopy. Surface-bound PAA-BP enabled adenoviral (Ad) tethering due to covalent thiol-binding of either anti-Ad antibody or a recombinant Ad-receptor protein, D1. In arterial smooth muscle cell cultures, alloy samples configured with surface-tethered Ad were demonstrated to achieve site-specific transduction with a reporter gene, (GFP). Rat carotid stent angioplasties using metal stents exposed to aqueous PAA-BP and derivatized with anti-knob antibody or D1 resulted in extensive localized Ad-GFP expression in the arterial wall. In a separate study with a model therapeutic vector, Adinducible nitric oxide synthase (iNOS) attached to the bisphosphonate-treated metal stent surface via D1, significant inhibition of restenosis was demonstrated (neointimal͞media ratio 1.68 ؎ 0.27 and 3.4 ؎ 0.35; Ad-iNOS vs. control, P < 0.01). It is concluded that effective gene vector delivery from metallic stent surfaces can be achieved by using this approach.
gene therapy ͉ local delivery ͉ restenosis T he use of balloon expandable metallic stents has resulted in improved therapeutic outcomes for coronary artery disease (1) . However, stent angioplasty is complicated in many patients by reobstruction due to the formation of a neointima in the stented arterial segment, a disease process known as in-stent restenosis (2) . The mechanisms responsible for instent restenosis involve proliferation and migration of medial smooth muscle cells (SMCs) and an associated increase in extracellular matrix components (2) . The use of polymercoated drug-eluting stents has markedly decreased the incidence of in-stent restenosis observed with unmodified metal stents (3). However, both experimental (4) and clinical (5) studies indicate a number of concerns about this approach, because polymer coatings on stents cause a more pronounced inf lammatory response than metal surfaces (6) , thus delaying rather than preventing restenosis (7, 8) .
Polymer-coated gene-delivery stents have been demonstrated in animal studies to be effective for both reporter (9-13) and therapeutic (14, 15) vector delivery. Nevertheless, their use is problematic because of harmful properties of the polymer coatings (6, 7) . Therefore, the present experiments investigated gene delivery directly from metal surfaces without the use of a polymer coating.
Bisphosphonates are known to demonstrate high-affinity binding to both mineral and metallic surfaces through phosphonate-metal coordination (16) . It was therefore hypothesized that a metallic surface could be modified through an aminobisphosphonate exposure, thereby attaching to the metallic surface a derivatizable polybisphosphonate molecule that could, in turn, be covalently conjugated with vector-binding agents; this modification could, hypothetically, enable local gene delivery from metal surfaces exposed to the aqueous bisphosphonate. The present studies report (i) the synthesis of a unique water-soluble bisphosphonate, polyallylamine bisphosphonate (PAA-BP); (ii) binding interactions of aqueous PAA-BP with metal surfaces, thereby enabling the retention of a PAA-BP molecular monolayer that permits the attachment (via vector-binding molecules) and site-specific delivery of adenoviral vectors to cells in culture; and (iii) the efficacy of this approach using a replication-defective adenovirus (Ad) expressing inducible nitric oxide synthase (iNOS) as a model therapeutic gene for inhibiting in-stent restenosis in experimental animals.
Methods
Materials. Replication-defective type 5 (E1,E3-deleted) adenoviral vectors were obtained from the Gene Vector Core Facility of the University of Pennsylvania (Ad-GFP) and from the Gene Therapy Core Facility of the University of Iowa (Iowa City, IA) (Ad-iNOS). In both constructs, transgenes were under the control of the human cytomegalovirus promoter. Stainless steel (316L) foils and meshes were obtained from Goodfellow (Berwyn, PA) and Electron Microscopy Sciences (Hatfield, PA), respectively. Nitinol samples, cobalt-chromium alloy coupons, and 8-mm cobalt-chromium stents (SVS) were obtained under a material-transfer agreement from Cordis (Warren, NJ). The anti-knob antibody (IgG) used was a gift from Selective Genetics (San Diego).
Polymer Synthesis. For the synthesis of PAA-BP, two PAA (PAA) HCl salts, 15 kDa and 70 kDa, were obtained from Sigma-Aldrich; PAA relative molecular masses (mass average) were determined with size-exclusion chromatography by the manufacturer (SigmaAldrich). Vinylidene bisphosphonic acid tetrasodium salt was obtained from Rhodia, (Oldbury, U.K.). PAA base (from either PAA⅐HCl, 15 kDa, or PAA⅐HCl, 70 kDa, 23.6 mmol of NH 2 in both) and vinylidene-bisphosphonic acid (20 mmol) were combined in water, concentrated to a syrup (7.63 g), and heated at 100-110°C for 5 h. The reaction product was dissolved in water containing an excess of triethylamine, and pure solid PAA-BP was precipitated with an excess of HCl. Purified PAA-BP in the free-acid form was subjected to elemental analysis by using both combustion method-ology and proton-induced x-ray emission (Elemental Analysis, Lexington, KY) to determine composition and 31 P NMR to document purity.
Ad Immobilization and Release. For Ad binding, an anti-knob mouse monoclonal (IgG) antibody (2 mg͞ml) was reduced with 2-mercaptoethylamine (10 mg͞ml) at 37°C for 30 min and purified by gel filtration. The human recombinant D1 domain of the CoxsackieAd-receptor protein (CAR) was also used as a binding agent and was prepared as described in ref. 17 , followed by the conjugation of eluted D1 thioester with cysteine (20 mg͞ml).
Metallic surfaces were exposed to 3% aqueous PAA-BP, pH, 5.5, at 60°C for 4 h, exhaustively washed, and reacted with Nsuccinimidyl 3-(2-pyridyldithio) propionate (SPDP, 20 mg͞ml) for 1 h at 20°C. The higher molecular mass PAA-BP (using 70-kDa PAA) showed 20% lower metal-binding efficacy than did the lower molecular mass PAA-BP (using 15-kDa PAA) and thus was not further investigated. PAA-BP-treated SPDP-modified metallic samples were then reacted with reduced antibody or thiolated D1 for 12 h at 20°C under an argon atmosphere. Ad immobilization was attained by 3-hour incubations of antibody-or D1-derivatized metallic specimens in suspensions of 5 ϫ 10 10 Ad-GFP particles per ml in 5% BSA͞PBS. Selected samples of Ad-GFP were rendered fluorescent by using a Cy3 modification as described in ref. 18 before immobilization. The amount of immobilized Ad was determined, by using a depletion assay, as the difference between the Cy3 fluorescent signal (540͞580 nm) elicited from nondepleted and metal-sample-depleted virus suspensions.
To compare relative rates of Ad dissociation from the antibody-and D1-modified surfaces, meshes (n ϭ 4 per group) configured with Cy3-labeled Ad linked via either antibody or D1 tethers were individually exposed to 350 l of PBS. The incubation was carried out under shaking at 4°C for 1 week, with a daily change of buffer. Immediately after virus acquisition and at the end of the experiment, fluorescence micrographs of the meshes were taken under standardized settings of the camera. The digital images were analyzed by using mean luminescence intensity of Adobe PHOTOSHOP-generated histograms for the quantification of surface-attached Ad.
Surface Analyses. The x-ray photoelectron spectroscopy (XPS) spectra were collected at room temperature by using an Al K a x-ray source (Vacuum Generators, Hastings, U.K.) and a hemispherical electron energy analyzer (Leybold, Hanau, Germany). Surface profiles were visualized by using a Dimension 3100 atomic-force microscope (Digital Instruments, Santa Barbara, CA). Imaging was performed in the intermittent noncontact (tapping) mode, by using oscillating linear Si tips with a resonance frequency range of 300-350 Hz. Each data scan was collected over a 25 m 2 area at a scanning frequency of 0.50 Hz. Viral surface density, determined by counting five fields (1 m 2 ), was expressed as mean Ϯ SE.
Cell-Culture Experiments. Rat aortic SMCs (A10 cells; American Type Culture Collection) were cultured to 90% confluence, as published in ref. 9 . Equal amounts of free and either antibody-, or D1-conjugated mesh-immobilized Ad-GFP were added into wells of 24-well plates. The GFP expression was assessed after 48 h by fluorescence microscopy or by fluorimetry (485-535 nm) of cell lysates. All cell culture experiments were carried out in triplicate.
Rat Carotid Stent Angioplasty Study. Carotid stent angioplasties were carried out by using 8-mm stents (Cordis), as above, in male Sprague-Dawley rats (500-550 g, Taconic Farms) assigned to five experimental groups: (i) Metal stents not treated with PAA-BP (three rats) were compared with PAA-BP treated (but without Ad) stents (three rats) in 7-day studies comparing the inflammatory response in arterial wall between the two groups.
(ii) A series (three rats) of 24-h explants examined the initial arterial-wall distribution of stent-delivered (anti-knob-antibody-tethered) Cy3-labeled Ad-GFP. (iii) In 7-day reporter studies to assess the extent of transgene expression, rats were subjected to stent angioplasty using control (unmodified) metal stents (three rats) and antibody-(three rats) or D1-tethered (three rats) Ad-GFP PAA-BP stents. The estimated adenoviral load on each stent ranged from 2.5 ϫ 10 9 to 6.3 ϫ 10 9 particles. (iv) Ad-iNOS delivered for 16 days from stents was examined in efficacy studies comparing PAA-BP-only modified controls (n ϭ 7), or PAA-BP-modified D1͞Ad-iNOS (n ϭ 5) stents.
(v) Ad-GFP biodistribution after stent delivery by using D1͞Ad-GFP (7-day study, n ϭ 5) was assessed by PCR (see protocol below).
Morphometrical Methods. GFP expression was assessed by fluorescence microscopy and immunohistochemistry (19) with a primary monoclonal mouse anti-GFP antibody (Roche). Photomicrographs of four representative sections of each artery were obtained at ϫ200 magnification by using a Leica DC 500 microscope digital-image acquisition system. The images were processed in Adobe PHOTO-SHOP to eliminate background and converted into binary (black and white) images by using the program IMAGE (Scion, Frederick, MD). The area of ''black'' pixels, representing diaminobenzidine staining of the GFP-positive material, was divided by the total analyzed area and normalized to a percentage scale. Differences in the inflammatory response between PAA-BP-treated and bare-metal stents were compared by using hematoxylin and eosin staining and anti-CD68 (Serotec, Oxford, U.K.) immunostaining (20) .
For the Ad-iNOS study, stented arterial segments were plasticembedded (Technovit 9100, Wehrheim, Germany), sectioned, and stained by the Verhoff-van Giesen method. The arterial micrographs were captured as digital images (see above) under ϫ50 magnification, and the areas of lumen, neointima, and media were calculated by using Scion IMAGE-generated tracings (see above) of the respective anatomic arterial compartments.
Biodistribution of GFP Expression by PCR.
Ad-GFP stented and contralateral arteries and the samples of lung, myocardium, spleen, liver, and kidney were harvested. Phenol⅐chloroform DNA extraction was performed, and PCR amplification was carried out over 35 cycles with a PTC-200 PCR engine (MJ Research, Watertown, MA) by using GFP-specific primers (upstream, 5Ј-GGC TGC TGC AAA ACA GAT AC-3Ј; downstream, 5Ј-CGG ATC CTC TAG AGT CGA C-3Ј). Amplified samples were analyzed with agarosegel electrophoresis using appropriate standards and positive controls (Ad-GFP-transduced A10 cells) as described in ref. 9 .
Statistical Methods. Data are expressed as mean Ϯ SE. The significance of differences between means of experimental groups was determined by using Student t tests.
Results
A water-soluble PAA-BP that can both interact with metal-oxide surfaces and provide reactive sites for chemical conjugation was synthesized by a direct Michael addition of PAA to the activated double bond of vinylidene-bisphosphonic acid (Fig. 1A) . The molecular mass of each allylamine hydrochloride unit (93.56) was used to calculate the number of reactive units in the 15,000-Da PAA-HCl polymer used in these studies as 160.3 units per polymer macromolecule, which were thereby available for bisphosphonate derivatization. In the initial formulation studied, the extent of modification with the bisphosphonate groups was calculated based on elemental analysis of precipitated pure PAA-BP in the free-acid form, which contained P, 17.7%, H, 6.45%, C, 29.9%, N, 6.18%, and O, 42.2%; thus, Ϸ65% of PAA amine groups were calculated to be derivatized with bisphosphonate groups in this preparation. Furthermore, based on elemental analysis, the estimated molecular mass of PAA-BP is Ϸ30 kDa, as calculated by using the sums of the weights of modified (245.1 Da) and nonmodified (57.1 Da) allylamine residues. 31 P NMR of pure PAA-BP documented a single peak at ␦ 16 ppm. In the 13 C NMR spectrum of nonmodified PAA⅐HCl (Fig. 1B) three distinctive 13 C signals appear at ␦ Ϸ30 ppm (backbone CH 2 ), Ϸ34 ppm (backbone CH), and Ϸ43 ppm (pendant CH 2 NH 2 ), whereas the 13 C NMR spectrum of PAA-BP (Fig. 1C) shows three new carbon moieties at Ϸ37 ppm (t, Ϸ112 Hz, CH of diphosphonoethyl groups),Ϸ47 ppm, and Ϸ50 ppm (pendant CH 2 NH of modified links and CH 2 of diphosphonoethyl groups). Two additional formulations for vector-binding comparisons were synthesized by using the same PAA preparation described above but varying the amount of vinylidene-bisphosphonic acid to create a range of bisphosphonate modifications; elemental analyses demonstrated these two preparations to have 45% and 77% PAA amino groups modified.
Initial studies used stainless steel (316 L) coupons that were exposed to 3% aqueous PAA-BP (65% modified) and then rinsed exhaustively with water. XPS confirmed the presence of a PAA-BP molecular monolayer on the steel surface, demonstrating the emergence of a characteristic P(2p) signal (Fig. 1D ) in the XPS of the treated sample, which persists after a 30-day incubation under simulated physiologic conditions (data not shown); a phosphorus signal is not present in the control 316 L steel (Fig. 1D) . Furthermore, the characteristic Fe(2p) peaks of the steel substrate are still present in the XPS from the PAA-BP-modified sample (Fig. 1E) , indicating that the thickness of the PAA-BP coordination layer is less than the effective XPS sampling depth (Ϸ5 nm).
The primary amines of surface-bound PAA-BPs (45%, 65%, and 77% bisphosphonate-modified) were further reacted with a bifunctional (amino-and thiol-reactive) crosslinker, SPDP, to introduce thiol-reactive pyridyldithio groups to 316 L steel surfaces. To quantitate thiol-reactive functionalities, we reacted PAA-BP͞ SPDP-treated metal coupon samples with dansyl cysteine. Subsequent chemical reduction of the disulfide bond triggers dansyl release, which was used to quantitate fluorimetrically (355-535 nm) the thiol-reactive capacity of the surface-associated PAA-BP. All three candidate formulations were initially compared with 316 L steel binding studies using the dansyl cysteine assay. The results of these studies revealed the PAA-BP thiol-reactivity to be 54.5, 29.9, and 16.0 pmol͞cm 2 for the 45%, 65%, and 77% BP modifications, respectively, corresponding to a minimal surface thiol-reactive density of 1 group per 10 nm 2 . Because the effective immobilization diameter of an Ig molecule exceeds 400 nm 2 (21), the theoretical achievable density of thiol-reactive groups is far beyond the minimal requirement for uniform protein surface modification, born out by the determination of Cy3-Ad attachment to differently treated steel foils by using PHOTOSHOP-generated histogram intensities of surface fluorescence (see Methods) as a relative index of immobilization density. These comparisons demonstrate virtually identical vector-binding levels for the various PAA-BP formulations (mean luminescence intensities 26.03 Ϯ 5.93, 26.52 Ϯ 2.29, and 25.19 Ϯ 4.2 for 45%, 65%, and 77% BP modifications, respectively). Thus, the 65% modified PAA-BP was chosen as a lead formulation for subsequent in vitro and in vivo studies.
Exposure of either PAA-BP͞anti-knob-antibody-conjugated or PAA-BP͞D1-conjugated but not PAA-BP͞SPDP-modified alloy samples to an adenoviral suspension resulted in affinity-mediated surface tethering of the Ads (Fig. 1F) . The extent of Ad binding was quantitated by depletion assays (Table 1) . These results revealed comparable levels of bound vector for the three alloy surfaces studied, with several-fold greater attachment for D1 (Ϸ100-150 particles per m 2 , Table 1 ) compared with the anti-knob antibody (Ϸ35-50 particles per m 2 , Table 1 ); no measurable vector was bound to either bare metal or PAA-BP-treated alloy samples without the use of either thiolated anti-knob antibody or D1. PAA-pretreated metallic samples subjected to the SPDP-D1 protocol described above demonstrated only trace levels of Cy3-vector binding (data not shown). The dissociation of Cy3-labeled Ad from the PAA-BP-binding-agents-primed meshes under sink conditions demonstrated a 37.4 Ϯ 2.5% and 27.7 Ϯ 7.5% decrease of surfaceassociated Ad for the antibody and D1 tethers, respectively (P Ͼ 0.05) after 1 week, indicating comparable rates of dissociation for D1 and antibody-mediated vector binding.
Atomic-force microscopy demonstrated multiple groupings of 100-nm-diameter units (Fig. 2 A and B) that represent surfacebound Ads. This surface nanoparticulate pattern was not observed on steel samples exposed to only PAA-BP (Fig. 2C) . Thus, affinitymediated tethering of Ad allows for dense packing of the vector on a metal surface, estimated to be 19 Ϯ 3 and 45 Ϯ 2 viral particles per m 2 (see Fig. 2 A and B) for antibody-and D1-primed steel surfaces, respectively (P Ͻ 0.001, greater D1-mediated binding). These results are lower than the depletion assay data (Table 1) , perhaps due to Ad loss during AFM-related procedures. Stainless steel meshes configured with PAA-BP͞antibody-immobilized GFP-encoding adenoviral vectors were placed in rat arterial SMC (A10 cells) cultures, resulting in intense highly localized transduction of 68.1 Ϯ 5.7% of cells on the steel surface and within 50 m of mesh borders (Fig. 3A) . However, the same amount of free virus (2 ϫ 10 8 particles) caused transduction of only 1.0 Ϯ 0.4% cells throughout the cultures (Fig. 3B) . The use of D1 for tethering resulted in 110-fold-higher levels of GFP expression after 48 h in A10 cell cultures than that achieved with anti-knob antibody (Fig. 3C) .
Initial rat carotid stent angioplasty experiments compared a series of animals subjected to nonviral carotid stenting with (n ϭ 3) and without (n ϭ 3) stent pretreatment with aqueous PAA-BP. Hematoxylin and eosin staining demonstrated a mild inflammatory response due to stenting that did not differ between PAA-BP pretreatment and control bare-metal-stented arteries (results not shown). Because macrophages are the predominant cell type involved in the inflammatory process after stenting (22, 23) , the sections were immunostained by using a rat macrophage-specific anti-CD-68 antibody. Overall, the prevalence of CD-68-positive cells was higher for the arteries stented with bare metal stents (45.02 Ϯ 16.83%; Fig. 4A ) than PAA-BP-modified stents (33.7 Ϯ 5.03% , Fig. 4B) ; however, this difference was not statistically significant (P Ͼ 0.05).
To examine the robustness of adenoviral attachment to the stent surface, Cy3-labeled Ad-GFP were immobilized on the PAA-BP pretreated, antibody-activated stents, and were shown to result in uniform vector association with stent struts (Fig. 4C) . Twenty-four hours after stent deployment, Cy3-labeled Ads were observed at the stent͞artery interface, as verified by en face fluorescence microscopy (Fig. 4D) . The spatial pattern of the fluorescent signal noted in stented arterial segments en face corresponds to the shape of the stent struts (Fig. 4D) , implying that the initial distribution of the virus in the vessel wall is governed by the physical imprint of the stent's wire surface. No fluorescent signal was elicited from the luminal surfaces of carotid arteries subjected to stent angioplasty with stents treated similarly but excluding the step of Cy3-labeled Ad exposure (Fig. 4E) .
A series of rat carotid stent angioplasty studies with PAA-BP (ϮAd-GFP) stents using either anti-knob antibody or D1 as vectorbinding agents was carried out for 7 days. After quenching elastin autofluorescence with Evans blue, the GFP-positive cells were consistently demonstrated in the medial, neointimal, and adventitial layers of arteries treated with PAA-BP stents using either anti-knob antibody (Fig. 5A) or D1 (Fig. 5B) as binding agents for Ad-GFP attachment. The sections of arteries treated with control metal Fig. 2 . Atomic-force microscopy of a PAA-BP͞anti-knob antibody-(A) and D1-(B) derivatized stainless steel surface exposed to an Ad suspension (5 ϫ 10 10 particles per ml), demonstrating distribution of viral particles on the PAA-BP-activated surfaces. (C) For comparison, a control is shown consisting of a stainless steel surface exposed to only PAA-BP. (Scale bar, 1 m and a depth scale of 500 nm is shown.) Fig. 3 . GFP expression in cultured rat arterial SMCs (A10) transduced by the mesh-antibody-immobilized (A) or free (B) Ad-GFP (2 ϫ 10 8 Ad particles) with prominent site-specific expression only with surface-immobilized vector (A). The multiplicity of infection was 1 for both cultures (magnification, ϫ100, FITC filter set). (C) Fluorimetric assessment of GFP expression (485͞510 nm) from A10 cell cultures transduced by Ad-GFP immobilized on the meshes by using anti-knob antibody vs. D1 with significantly greater GFP levels with D1 tethering (P Ͻ 0.001). stents (without bisphosphonate pretreatment) did not demonstrate fluorescent cells (Fig. 5C ). Widespread arterial-wall transduction was confirmed by anti-GFP immunostaining for both Ad-GFP tethered by anti-knob antibody (Fig. 5D) and D1 (Fig. 5E ). Morphometric evaluation of the representative sections revealed comparable extensive transduction with GFP-positive cells in the medial, neointimal, and adventitial compartments of arteries from both experimental groups (Table 2) . GFP-positive immunostaining (re. false positive) was not observed in arteries treated with control nonmodified bare-metal stents (Fig. 5F ) not exposed to Ads. GFP-PCR biodistribution studies demonstrated GFP DNA after 35 cycles of amplification only in the arterial samples underlying the stents but not in the contralateral carotid arteries, liver, spleen, myocardium, and lungs (data not shown).
Therapeutic efficacy was demonstrated with PAA-BP-mediated metal-surface vector binding comparing unmodified metal stents with the same stents with aqueous PAA-BP͞D1 exposure by using Ad-iNOS as a model therapeutic gene vector. The Ad-iNOS gene-delivery-stent arteries demonstrated a significant therapeutic effect with diminished in-stent restenosis compared with controls, as verified by morphometric results quantitating neointimal area, neointimal-to-medial-area ratios, and differences in the percent of luminal stenosis (see Table 3 and Fig. 5 G and H) .
Discussion
These results demonstrate successful delivery of a gene vector from a metal surface treated with an aqueous bisphosphonate solution to enable tethering. The data also show that the aqueous polybisphosphonate-metal-binding interaction used to attach Ad vectors occurs with a variety of alloys and thereby enables comparable levels of covalent attachment of vector-binding agents for gene delivery. These studies have also shown that various vector-binding agents can be used for gene delivery, such as anti-Ad antibodies, or recombinant proteins, such as D1, a recombinant Ad-receptor fragment. Importantly, this genedelivery strategy can be used efficaciously to treat in-stent restenosis, as demonstrated by the Ad-iNOS results (Table 3) .
Catheter delivery of both viral (24) and nonviral (25) gene therapeutics has been previously investigated for the mitigation of in-stent restenosis. Adaptation of the stent itself as a platform for gene delivery has a number of important advantages. First, animal and clinical studies have consistently shown that mural thrombosis and arterial SMC proliferation occur predominantly near stent struts (26) . Thus, a relatively small amount of stent-immobilized gene vectors strategically placed at the interface of tissue and implant might be sufficient to produce a clinically significant therapeutic transduction of regional cells. Second, stent-tethered vectors that are physically shielded from the shearing effect of blood flow can, hypothetically, persist in tissues. Indeed, our Cy3-labeled Ad studies (Fig. 4D) revealed the deposition of fluorescent-labeled virus beneath the struts 24 h after stenting, despite active blood flow. Thirdly, immobilization of Ad vectors on stents diminishes distal spread of the vectors to nontarget tissues, as our PCR data show.
The mechanisms of Ad delivery from metal surfaces in the present studies, both in vitro and in vivo, must involve dissociation of the vector from the PAA-BP-binding-agent complex before cell uptake. The cell culture studies demonstrate a site-specific localization of GFP expression to the region of the PAA-BP-treated metal mesh (Fig. 3A) , whereas the in vivo results show GFP expression deep in the media and adventitia of the artery (Fig. 5) . This difference is likely because of a number of factors, including Ad transduction of arterial SMCs in close proximity to the stent struts, followed by migration of these cells during the early formation of a neointima and the forceful compression of vector into the arterial wall, as shown in Fig. 4D . Intact arterial elastic laminae are considered to be virtually impenetrable for adenoviral particles (27) . However, stenting causes multiple lacerations of the elastic laminae, thus facilitating egress of the vector into the adventitial compartment. The cellular types within the adventitia (mainly fibroblasts and myofibroblasts) are known to be more susceptible to adenoviral transduction than medial SMC (28), perhaps explaining the high extent of transduction in the adventitia observed in our reporter studies (Table 2) . Considering the active role the adventitia plays in the formation of neointimal lesions (29) , the ability of the stent-delivery approach investigated herein to transduce cells in the adventitia might be therapeutically relevant. Importantly, the penetration of the vector into the adventitia did not result in the dissemination of the virus beyond the stented arterial segment, as verified by the GFP-PCR results.
In addition, the results of in vitro studies show a greater Adbinding capacity of D1 vs. anti-knob antibody (Fig. 2 and Table 1) and a significantly higher level of gene expression in cell culture with D1-tethered Ad (Fig. 3) . These differences may be due to both a higher Ad binding affinity of immobilized D1 vs. the antibody used and subsequent facilitated processing of the Ad-D1-receptor complex. The reported dissociation constant (K d ) (in solution) for the anti-knob antibody used in our study is 0.31 nM (17); however, this value might be lower for the immobilized, chemically reduced molecule (30) . Our Ad-release studies, carried out in an acellular system, demonstrated a somewhat higher dissociation rate for virus tethered via anti-knob antibody vs. D1-tethered Ad, confirming tighter binding with the immobilized receptor protein. Furthermore, it has been shown that the initial binding event of Ad to immobilized dimeric D1 has a much lower affinity (K d ϭ 20 nM) than an observed secondary binding event (K d ϭ 1 nM), thus suggesting that conformational changes of covalently attached D1 could actually facilitate more rapid release of Ad than would be otherwise expected (31) . Thus, higher Ad binding with D1 tethering and facilitated release͞transduction in the presence of cells are not mutually exclusive.
iNOS was chosen as a model therapeutic gene for these studies because of its previous efficacious use in delivery-catheter genetherapy studies with a pig coronary stent angioplasty model (24) and the fact that iNOS can inhibit SMC proliferation (32, 33) and migration (34) , platelet activation (35) , and extracellular-matrix production (32) . Thus, the therapeutic potential of iNOS is far broader than any of the current pharmaceuticals used with drugeluting stents. Other types of gene vectors could be attached through binding agents comparable with those used in the present studies for Ads. To this end, high-affinity receptors for adenoassociated viruses (36) and retroviruses (37) have been described and cloned and, thus, could hypothetically be used with PAA-BP as described herein.
It is concluded that pretreatment of metal alloy surfaces with an aqueous bisphosphonate solution, PAA-BP, enables vector binding to bare metal through the formation of a surface-oriented PAA-BP-metal-coordination complex. This metal-bisphosphonatecoordination complex has been demonstrated in the present studies to enable the covalent attachment of vector-binding agents for therapeutic gene delivery to the arterial wall. Because of the widespread use of metallic implants in medicine, these results have broad implications for a therapeutic approach involving implantable medical devices configured with gene-therapy constructs.
